Cytochemical localization of hydrogen peroxide-generating sites suggests NADPH (nicotinamide adenine dinucleotide 3-phosphate [reduced form]) oxidase expression at the maternalfetal interface. To explore this possibility, we have characterized the expression and activity of the NADPH oxidase complex in trophoblast cells during the postimplantation period. Implantation sites and ectoplacental cones (EPCs) from 7.5-gestational day embryos from CD1 mice were used as a source for expression analyses of NADPH oxidase catalytic and regulatory subunits. EPCs grown in primary culture were used to investigate the production of superoxide anion through dihydroxyethidium oxidation in confocal microscopy and immunohistochemical assays. NADPH subunits Cybb (gp91phox), Cyba (p22phox), Ncf4 (p40phox), Ncf1 (p47phox), Ncf2 (p67phox), and Rac1 were expressed by trophoblast cells. The fundamental subunits of membrane CYBB and cytosolic NCF2 were markedly upregulated after phorbol-12-myristate-13-acetate (PMA) treatment, as detected by quantitative real-time PCR, Western blotting, and immunohistochemistry. Fluorescence microscopy imaging showed colocalization of cytosolic and plasma membrane NADPH oxidase subunits mainly after PMA treatment, suggesting assembly of the complex after enzyme activation. Cultured EPCs produced superoxide in a NADPH-dependent manner, associating the NADPH oxidase-mediated superoxide production with postimplantation trophoblast physiology. NADPH-oxidase cDNA subunit sequencing showed a high degree of homology between the trophoblast and neutrophil isoforms of the oxidase, emphasizing a putative role for reactive oxygen species production in phagocytic activity and innate immune responses.
INTRODUCTION
Several pathways are involved in the production of reactive oxygen species (ROS) in cells and tissues, such as xanthine oxidase, mitochondrial respiratory chain enzymes, arachidonic acid-metabolizing enzymes, the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and nitric oxide synthase (NOS). The NADPH oxidase enzyme complex, however, is the major catalytic source of superoxide generation in several biological models [1, 2] . ROS generation resulting from activation of this enzyme complex oxidizes a number of biological targets and exerts a bactericidal function in specialized phagocytic cells (macrophages and neutrophils) [3] [4] [5] [6] [7] .
Although NADPH oxidase is involved in normal phagocytic processes and nonspecific host defense mechanisms, it is also found in nonphagocytic cells involved in signaling and transduction in a concentration-dependent manner, and as a pivotal player in several degenerative diseases [8] [9] [10] [11] [12] .
Through Western blotting and immunocytochemistry, functionally active NADPH oxidase has been found in the cytotrophoblast and stem villous arteries of the human placenta during early gestation, generating higher rates of superoxide than in full-term placentas [13] . Supportive roles for the membrane NADPH oxidase-generated ROS in placental cells in this period include differentiation, migration, matrix remodeling, and angiogenesis [14] . Increased placental NADPH oxidase activity is followed by augmentation of effective antioxidant defenses, which leads to the plausible hypothesis that impaired antioxidant production results in loss in early pregnancy [15, 16] .
Cytochemical localization of NADPH oxidase on the surface of plasma and phagosomal membranes has also been seen as evidence of phagocytic cell activation. Matsubara and Sato [17] reported a drastic increase in the distribution of the enzyme in the human fetal membrane during inflammation in comparison with normal placentas at term. They concluded that the chorionic trophoblast possesses NADPH oxidase activity and ROS-generating capacity, characteristic of activated tissue phagocytes during inflammation; they may, therefore, play a role in defending the chorioamnion against infection.
In rodents, sites of hydrogen peroxide formation have been cytochemically localized on the giant-cell trophoblast surface during periods in which the trophoblast shows high phagocytic activity [15, 16, 18] , and are also involved with invasion into the uterine stroma. Superoxide anion has been detected in cultured mouse trophoblast cells by luminol chemiluminescence in phorbol-12-myristate-13-acetate (PMA) or all-transretinoic acid-stimulated cells, regulators of phagocytes. Like phagocytes, trophoblast cells can rapidly respond to these regulators by specifically increasing their erythrophagocytic rate [19, 20] . The results provide evidence of a link between ROS production and the phagocytic activity of trophoblast cells, but do not exclude the possibility of other pivotal roles in implantation and placentation. Furthermore, a detailed analysis of the NADPH oxidase molecular characterization should give a better insight into the functional activity of rodent placental tissues.
We have therefore: 1) analyzed the expression of the NADPH oxidase components in the implanting mouse trophoblast; 2) sequenced the cDNA of the main enzymatic NADPH subunit comparing the trophoblast sequences with published phagocytic sequences; 3) localized the subcellular distribution of the NADPH oxidase subunits; and 4) determined in vitro NADPH oxidase-dependent ROS generation in trophoblast cells.
MATERIALS AND METHODS

Reagents
All reagents were purchased from Sigma-Aldrich (St. Louis, MO), unless specified as coming from a different source.
Mice
A total of 120 CD1 mice were maintained in the animal facility of the Biomedical Sciences Institute of the University of São Paulo, Brazil, with a 12L:12D cycle. The Ethics Committee for Animal Research of the University of São Paulo approved the study. All animal care and experimental procedures were followed according to the Brazilian College of Animal Experiments Guidelines and the International Guiding Principles for Biomedical Research Involving Animals, as promulgated by Society for the Study of Reproduction. Females were caged overnight with males (1:1), and successful mating was verified the following morning. The presence of a vaginal plug was designated Day 0.5 of gestation.
Implantation Site and Ectoplacental Cone Collection
On Gestational Day (gd) 7.5, pregnant females were killed by cervical dislocation. Their uteri were dissected in cold sterile PBS containing 10% fetal bovine serum (FBS). Implantation sites were removed and manually sliced into two transverse fragments that were immediately immersed in isopentane, frozen in liquid nitrogen, and stored at À808C.
Embryos were carefully separated from the decidua, and the ectoplacental cone was dissected from the embryonic tissue with a scalpel. Part of the freshly dissected ectoplacental cone was frozen in liquid nitrogen and stored at À808C for RT-PCR analysis. The remaining ectoplacental cones were plated in 35-mm culture dishes in 1 ml of Dulbecco modified Eagle medium (Gibco BRL, Grand Island, NY) supplemented with 10% FBS, 0.5 mg/ml lactic acid, 0.2 ng/ml Mito þ Serum Extender (Becton Dickinson Labware), and antibiotics (0.05 mg/ ml streptomycin and 50 IU/ml penicillin). They remained in culture for 48 h under standard conditions (36.58C, 5% CO 2 in air with high humidity) to allow the trophoblast cells to attach to the dish and begin their outgrowth. All of the experiments started at this time point, using only attached and spread ectoplacental cones. The number of ectoplacental cones cultured per plate and the additional time in culture depended on the experimental approaches that had to be adopted.
The purity of trophoblast cells in the ectoplacental cones was assessed through alkaline phosphatase immunostaining for cytokeratin A-cytokeratin B (Troma-1: endo A KRT8/endo B KRT18) and vimentin (clone 14h7; both from Developmental Studies Hybridoma Bank). The immunoreactions were performed in samples cultured in 12-well multidish culture plates containing removable 18-mm-diameter round glass coverslip. The number of contaminating cytokeratin-negative cells was always ,0.1%.
Stimulation of NADPH Oxidase Activity
Ectoplacental cone cultures were washed several times with medium alone before being stimulated for 30 min to 24 h with 70 ng/ml PMA (in standard medium [19] ). PMA stock solutions prepared in dimethyl sulfoxide (DMSO) were diluted in medium before being added to the cells. Explants were similarly washed but received only the standard medium or standard medium plus DMSO, both without PMA in control cultures.
Immunostaining
Ectoplacental cones cultured for 48 h acutely stimulated with PMA for 30 min, and controls were fixed in 4% formaldehyde in Tris-buffered saline (TBS) for 1 h or methacarn (methanol:chloroform:glacial acetic acid, 6:3:1 [v/v]) for 10 min at room temperature. The cells were permeabilized in methanol:acetone (1:1 [v/v]) at À208C for 10 min and sequentially incubated in: 8% acetic acid for alkaline phosphatase blocking, and TRIS (Invitrogen, Carlsbad, CA), pH 8.2, containing 1% bovine serum albumin (BSA)-0.05% saponin for nonspecific binding sites blocking at 378C for 1 h. Cells were incubated with the goat anti-NCF1 and anti-NCF2 and rabbit anti-CYBB polyclonal antibodies (Santa Cruz Biotechnology; diluted 1:50 in TRIS) overnight at 48C. After washes in TBS, coverslips were incubated for 1 h at 378C with biotinconjugated donkey anti-goat and anti-rabbit immunoglobulin G (IgG; 1:250) as the secondary antibody, and sequentially in avidin-biotin-alkaline phosphatase complex (VectaStain ABC-alkaline phosphatase kit; Vector Laboratories Inc.) followed by Fast Red TR/Naphtol AS-MX to develop the enzymatic activity (following the manufacturer's protocol). Mayer hematoxylin was used as a counterstain. The samples were washed in tap water and mounted in glycerol. As a negative control, donkey nonimmune serum or TBS-BSA replaced the primary antibody. Double-immunofluorescence staining was also performed in embryocontaining implantation sites and ectoplacental cone cultures to investigate the cellular localization of the NADPH oxidase components, and whether these components under stimuli are able to aggregate in their active forms.
Cryostat sections (5 lm) from implantation sites of gd 7.5 previously stored at À808C were fixed in ice-cold acetone for 5 min and conventionally processed by double staining for cytokeratin A/B (Troma-1) and CYBB, NCF2, or NCF1. Fluorescein isothiocyanate (FITC)-conjugated anti-rat antibody was used for cytokeratin (Troma-1) localization, and Texas red-conjugated anti-rabbit IgG was used for CYBB, NCF1, and NCF2 localization.
Cultured ectoplacental cones adherent to coverslips were also double stained with the same antibodies, as previously mentioned, using an FITCconjugated anti-rabbit IgG (Abcam Inc.) for CYBB localization and a Texas red-conjugated anti-goat antibody for NCF2. Colocalization was analyzed using an Axioskop 2 plus fluorescence microscope (Carl Zeiss) with appropriate filters.
RT-PCR
Batches of 100 cultured or 100 freshly dissected ectoplacental cones were pooled and immediately snap frozen in liquid nitrogen for storage at À708C as a single sample processed. Total RNA was isolated by using Trizol reagent according to the manufacturer's protocol. RNA was extracted with chloroform, precipitated with ethanol, washed, and diluted in sterile distilled water. Its integrity was checked by electrophoresis in 1.5% agarose gels stained with ethidium bromide, and its purity was measured by the 260:280-nm optical density ratio. For RT-PCR, reagents were exclusively purchased either from Invitrogen Life Technologies, or as detailed below.
Total RNA was treated with DNase I (1 ll/lg RNA) for 25 min at 258C and inactivated with 2.5 mM ethylene diamine tetraacetic acid (EDTA). The cDNA was synthesized using Superscript II RNase H Reverse Transcriptase kit in 20 ll of mix comprising 5 lg of extracted RNA, 2 ll of buffer RT 53, 0.05 lg/ll Oligo-dT, 1 ll of 10 mM dinucleotide triphosphate, 1 ll of 10 mM dithiothreitol, and 1 ll of SuperScript (200 U/ll). The tubes were incubated for 10 min at room temperature, 50 min at 428C, and 10 min at 708C. SuperScript of the first-strand buffer was omitted from the control.
RT-PCR was carried out using previously described parameters [21] . The number of cycles was chosen to allow linear comparison of the samples. For semiquantitative PCR analysis, the housekeeping gene, cyclophilin (Peptidylprolyl isomerase A; Ppia), was used as a reference. Table 1 lists the primer sequences, annealing temperature, cycles, and fragment length used. Optimal PCR cycles required for linear primer amplification were determined, and the total amplification in each primer reaction was maintained below saturation levels so that the products remained within the exponential range. All products were analyzed by 1.5% agarose gel electrophoresis containing 0.5 lg/ml ethidium bromide and visualized by computerized gel documentation (Scion Image Program; Scion Corp.).
Quantitative PCR
Information regarding the quantity of mainly the NADPH oxidase subunit transcripts was assessed by RT-quantitative PCR (RT-qPCR). To this end, samples were amplified with SYBR Green PCR Master Mix (Applied Biosystems) and specific primers for gp91phox (Cybb), forward 5 0 -TCCGTATTGTGGGAGACTGGACG-3 0 and reverse 5 0 -AATGGAGG CAAAGGGCGTGAC-3 0 ; p22phox (Cyba), forward: 5 0 -GGCACCATCAAG GOMES ET AL.
CAACCACC-3 0 and reverse 5 0 -CTCATCTGTCACTGGCATTGGG-3 0 ; and p67phox (Ncf2), forward 5 0 -TCGGATTCACCCTCAGTCGCAG-3 0 and reverse 5
0 -GCATGTAAGGCATAGGCACGCTG-3 0 (all primers were designed using Gene Runner v3.05 software). Experiments were performed in StepOnePlus Real Time PCR System (Applied Biosystems), and gene expression was normalized to endogenous Ywhaz (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide). All samples were amplified in duplicate on three independent occasions, and negative controls given water instead of cDNA were included in all experiments. The specificity of amplification was assayed by melting curve analysis. The delta-delta-Ct method (2 ÀDDCT ) was used for quantification of mRNA [22] .
cDNA Sequencing
For characterization, PCR fragments were submitted to DNA sequencing. The PCR products were enzymatically purified and sequenced in a MegaBACE 1000 Analysis System (GE Healthcare) by the Human Genome Research Center (São Paulo, Brazil). Purification and concentration of cDNA fragments were performed using Illustra GFX PCR DNA and Gel Band Purification Kit according to the manufacturer's protocol (GE Healthcare). The sequences were analyzed using the Cimarron 3.12 base caller software. Clustal X 2.01.0 software was used to determine the homology with other sequences deposited in GenBank (www.ncbi.nlm.nih.gov/BLAST).
Western Blotting
Stimulated (70 ng/ml PMA) and control cultured ectoplacental cones were scraped off of culture plates, lysed on ice in modified RIPA buffer (150 mM NaCl; 50 mM Tris-HCl, pH 7.4; 0.25% sodium deoxycholate [w/v]; 1% Nonidet P-40 [v/v]; 1 mM EDTA; 1 mM sodium orthovanadate; 1 mM PMSF; 1 mM sodium fluoride; and 0.1% SDS [v/v]) containing protease inhibitor mix, and centrifuged at 10 000 3 g for 10 min at 48C. Total protein concentration was assayed with a Bradford kit (Bio-Rad Laboratories). A total of 30 lg of total protein was dissolved in nonreducing sample buffer (0.5 M Tris-HCl, pH 6.8; 10% SDS [w/v]; 19% glycerol; and 0.05% bromophenol blue [w/v]) and electrophoresed on 12.5% SDS-polyacrylamide gel under denaturing conditions. The proteins were transferred to nitrocellulose membranes (Hybond-ECL) and immunodetected using goat anti-NCF1 and anti-NCF2, rabbit anti-CYBB, and rat anti-b-actin polyclonal antibodies; a second biotinylatedconjugated antibody; a peroxidase-conjugated avidin-biotin; and a chemiluminescence detection system (ECL kit; Perkin-Elmer Life Sciences).
Statistics
Kruskal-Wallis 1-way ANOVA followed by multiple pairwise comparisons (Dunn) was performed to determine differences among the RNA expressions using BioStat 5.0 Software (http://bioestat.software.informer.com). A P value of ,0.05 was taken as statistically significant.
Protein expression levels were determined by densitometric analysis using National Institutes of Health image analysis software (Image J 1.42q; National Institutes of Health) and expressed in relation to b-actin. The average of data for each gel was compared for the PMA-treated vs. the untreated control groups. The optical density was recorded in arbitrary units as mean 6 SD (n ¼ 3). Differences between groups were estimated by the Mann-Whitney U test, P , 0.05 being considered significant.
NADPH Oxidase Activity
Production of superoxide anion generating activity was monitored by changes in fluorescence arising from the oxidation of dihydroethidium (DHE; Molecular Probes Inc.). In the presence of superoxide anion, oxidized DHE yields oxyethidium (oxEth), which binds to DNA to produce a bright red fluorescence in the nucleus. Oxidation of DHE by any other ROS produces ethidium, which is readily distinguished from oxEth by the specific wavelengths they both have [23, 24] .
The medium of the ectoplacental cone cultures was replaced with Hanks solution 2 h before the assays. The cultured ectoplacental cones were incubated in 5, 10, or 20 lM DHE in DMSO or in DMSO alone for 20 min, and also in Hanks solution. Samples were immediately analyzed under either a fluorescence microscope (rhodamine filter) or a confocal laser scanning microscope (Zeiss LSM 510), using argonium or helium-neon lasers to identify oxEth or ethidium, respectively. In addition, NADPH oxidase activity was assayed in the presence of NADPH as the substrate (0.1 mM; NADPH), as well as with specific intracellular inhibitors of NADPH oxidase (1 mM apocynin or 100 lM diphenyleneiodonium [DPI]) and xanthine oxidase (allopurinol; 3 lM). In these experiments, apocynin, DPI, and allopurinol were added to the cultures 2 h before DHE and NADPH. The assays were repeated in the presence of the mitochondrial electron transport chain inhibitor, antimycin (5 lM).
All experimental groups were analyzed in the presence or absence of PMA (50-100 ng/ml), and with or without ROS scavengers, such as superoxide dismutase (SOD; 1.5 U/ml) and/or catalase (1 U/ml) in 1 ml of Hanks solution. After 5 min of incubation, the specific fluorescence was monitored immediately in the fluorescence or confocal microscope. Samples were kept at 36.58C in an atmosphere of 5% CO 2 in air in all experiments, and measurements were carried out in duplicate or triplicate, and then repeated.
RESULTS
Morphological and Immunohistochemical Analysis of NADPH Subunits in Implantation Sites
As previously described [25] , ectoplacental cone explants produced outgrowths containing a central proliferative group of cells and peripheral giant cells that resembled the in vivo trophoblast giant cells, morphologically identified by their giant nuclear size. 
NADPH OXIDASE AND THE POSTIMPLANTING TROPHOBLAST
Immunohistochemical analysis in implantation sites showed localization of CYBB, NCF2, and NCF1 in ectoplacental cone trophoblast cells, confirmed by double staining with anticytokeratin antibody (Fig. 1) . The distribution pattern of NCF2 staining was more intense and homogeneous (Fig. 1 , B-E) than CYBB (Fig. 1F) and NCF1 (Fig. 1G ) expression in the trophoblast cells. Both CYBB and NCF1 stainings were prevalent on trophoblast giant cells peripherally localized in the ectoplacental cone.
Characterization of 7.5-gd Cultured Ectoplacental Cones
Reactivity with anti-Troma-1 antibody was noted in all samples of ectoplacental cones. Troma-1 (KRT8/18) positivity was characterized by trophoblast staining emphasizing a fibrous cytoplasmic arrangement ( Fig. 2A, inset) . Intensity in the immunoreactivity seems to correlate with the differentiation degree in the outgrowths. Differentiated trophoblast giant cells localized more peripherally in the outgrowth showed stronger immunostaining than the remaining inner cells. None of the analyzed samples reacted with anti-vimentin antibody (Fig.  2C ). Krt8 and Krt18 mRNAs were both detected by RT-PCR analysis (n ¼ 7; Fig. 2B ), whereas no traces for vimentin (Vim) were found (Fig. 2D) .
Expression of NADPH Oxidase Components in Trophoblast Cells
Reactions using oligonucleotide primers for Cybb, Cyba, Ncf1, Ncf2, Ncf4, and Rac1 sequences yielded products of the anticipated sizes in mouse ectoplacental cones (Fig. 3A) . No PCR products were obtained in samples that were not subjected to reverse transcriptase reaction, indicating the absence of genomic DNA contamination. Comparison of Cybb, Cyba, and Ncf2 mRNA expression using qPCR (Fig. 3B) showed that Cyba and Ncf2 subunit expressions in freshly collected (FC; 1.15 6 0.44 and 0.97 6 0.35, respectively) and untreated cultured (control; 1.25 6 0.17 and 1.1 6 0.67, respectively) groups were very similar (P . 0.05), whereas Cybb was significantly increased in culture conditions (0.91 6 0.23 vs. 1.76 6 0.34; P , 0.05). Except for Ncf2, Cybb, and Cyba expressions were significantly increased when ectoplacental cone cells had been treated with PMA (3.33 6 1.8-fold and 2.41 6 1.1-fold increase, respectively; P , 0.05) compared with untreated cultures.
Sequencing
Sequence database searches using the BLAST algorithm program showed significant alignments, with 98%, 95%, and 98% identity with published DNA sequences for neutrophil NADPH oxidase Cybb, Cyba, and Ncf2 subunits, respectively (for a complete list, see Fig. 4 ).
Protein Expression of NCF1, NCF2, and CYBB: Western Blot Analysis SDS gel electrophoresis gave specific bands for NCF1, CYBB, and NCF2 (Fig. 5, A-C) . With the antibody anti-NCF2, we also detected bands at ;105 kDa which remain to 
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be identified. The levels of expression of NCF1, NCF2, and CYBB in untreated ectoplacental cones were compared with the levels observed in PMA-treated samples (Fig. 5D ). Densitometric analysis using b-actin as loading control showed that PMA treatment significantly increased the levels of the subunits NCF1, NCF2, and CYBB (P , 0.05) in ectoplacental cones.
Cellular Localization of the NADPH Oxidase Subunits
The NADPH oxidase subunits CYBB, NCF1, and NCF2 were immunolocalized in the trophoblast cells of ectoplacental cones (Fig. 6) . In general, immunoreactivity could be detected in both peripheral trophoblast giant cells and the central cluster of diploid cells in all samples (for both PMA-treated and untreated cultures, and for all of the subunits). The number of reactive cells was visibly low in untreated ectoplacental cones (Fig. 6, B, E, and H) . The pattern of staining was typically intracellular and cytoplasmic (Fig. 6B, inset) . Among the three NADPH oxidase subunits, NCF1 was the most pronounced in PMA-stimulated cultures; strong positive immunoreactivity was detected in the majority of the giant-cell population (Fig.  6I) .
Texas Red-NCF2 and FITC-CYBB reactivity was evenly spread throughout the trophoblast cells under normal conditions (Fig. 7, A and B, control) . Pretreatment of ectoplacental NADPH OXIDASE AND THE POSTIMPLANTING TROPHOBLAST GOMES ET AL.
cones with PMA increased the clustering of CYBB and NCF2, visualized as patches by double-fluorescence staining (Fig.  7C ).
Superoxide-Generating Activity of Trophoblast Cells
ROS generation by trophoblast cells was determined using in situ DHE oxidation and confocal microscopy. The increase of oxEth fluorescent nuclei in trophoblast cells was DHE concentration dependent; however, doses .10 lM also increased the incidence of adverse effects (loss of adhesion to the culture dish, cells swelling to a spherical shape, and mainly plasma membrane rupture) in the exposed trophoblast cell population (data not shown). Therefore, DHE was always used at 5 lM, as in other studies [26] . The intensity and number of fluorescent nuclei were low in the cultures incubated with DHE alone (Fig. 8, A-D) , but enhanced in the presence of NADPH (Fig. 8, E-H) . These reactions were almost completely abolished by the addition of SOD and/or catalase (Fig.  8, I-P) . To ascertain the source of ROS-yielded oxidase, controls were performed under the same conditions but with the addition of apocynin, allopurinol, and antimycin. Of these, apocynin (Fig. 8 , Q-T) markedly inhibited baseline DHE oxidation, whereas allopurinol (Fig. 8, a and b) and antimycin (Fig. 8, c and d) only partially blocked the oxEth fluorescence signal (Fig. 8, b-d) . Immunohistochemistry reactions localized at 7.5-gd implantation sites the subunits CYBB, NCF1, and NCF2 predominantly in the trophoblast giant-cell population, providing support for NADPH oxidase activity in vivo. Moreover, this cell population and cultured ectoplacental cones clearly expressed the membrane subunit CYBB, the cytosolic subunits NCF4, NCF1, and NCF2, and the G-protein RAC1 that comprise the NADPH oxidase complex, showing a parallel between in situ and in vitro potential enzymatic activity of the trophoblast.
Unlike other nonprofessional phagocytic cells, in which some subunits may be absent [27] [28] [29] [30] , the trophoblast clearly expresses the essential elements for the activation of NADPH oxidase. The physiological role of each subunit needs further clarification, but it is widely recognized that NCF1 phosphorylation is essential, NCF2 is obligatory [31] , and NCF4 may function as an inhibitory factor of the activation for NADPH oxidase [32, 33] . Although we did not explore the phosphorylation processes required for mutual interaction among NCF4, NCF1, and NCF2 molecules, translocation of NCF2 to the membrane for association with RAC-CYBB-CYBA was indicated, based on colocalization of NCF2 and CYBB at the cell periphery after PMA stimulus, which emphasizes that the trophoblast may have an active form of this enzyme complex.
The reduced expression of NADPH oxidase subunits in freshly collected and nonstimulated trophoblast cells suggests that these components are nevertheless constitutively and continuously expressed. Using PMA as a NADPH oxidase agonist through its ability to activate PKC and NCF1 phosphorylation [34, 35] , a significant increase in subunit expression was detected by semiquantitative RT-PCR analysis. 
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Upregulation occurred in all subunits 4 h after stimulation, suggesting that additional regulatory steps induce this specific gene expression to rehabilitate the trophoblast potential for responding to a subsequent stimulus, instead of an immediate transcriptional activation of the specific reporter genes. In contrast, PMA seems to immediately influence the protein compartment of NADPH oxidase subunits, as shown by immunohistochemistry. PMA stimulation markedly increased NADPH oxidase subunit reactive cells in the ectoplacental cones, suggesting a very rapid mechanism of translational regulation operates during an oxidative stimulus. This PMAdependent response, which has been immunohistochemically detected, paralleling the increase in gene products, corroborates a functional status of the enzyme complex in trophoblast cells.
Using the superoxide-sensitive fluorescent dye DHE to analyze the levels of ROS generation in ectoplacental cone cultures, we also found an increase in superoxide anions in PMA-treated ectoplacental cone cells in samples pretreated with NADPH. DPI and apocynin, inhibitors of flavincontaining oxidases and NCF1-CYBB interactions, specifically reduced ROS generation in PMA-stimulated ectoplacental cones, indicating an inductive form of functionally active NADPH oxidase complex in trophoblast cells. Importantly, the addition of SOD/catalase to the incubation mixture, known scavengers of superoxide anion and hydrogen peroxide, respectively [36] , markedly decreased in DHE oxidation, thereby assuring the specificity of the fluorescence products. These results are consistent with Gagioti et al. [15, 16] who showed the predominant generation of both of these reactive molecules by trophoblast cells by luminol chemiluminescence methods. The generation of ROS by mitochondria, as a byproduct during the flow of electrons to molecular oxygen [37] , and by the xanthine-oxidase complex, does not seem to be intimately involved in PMA-stimulated ROS generation. Specific inhibitors of these systems-antimycin and allopurinol, respectively-also changed the levels of DHE oxidation in 
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the trophoblast cell cultures, but not as intensively as NADPH oxidase blocking. These findings provide further evidence supporting NADPH oxidase as an important system responsible for ROS production in PKC-stimulated trophoblast cells.
It is noteworthy that the cells that promptly respond to PMA stimulus producing ROS or increasing NADPH oxidase subunits in their cytoplasms are trophoblast giant cells, previously described as highly phagocytic in vivo [19, 25, 38] . Interestingly, the main NADPH oxidase subunits were immunolocalized in these ectoplacental cone cells, suggesting a positive correlation between NADPH oxidase expression and activity, and the physiological characteristics of the implanting mouse trophoblast. As in other phagocytes, the production of superoxides by activated trophoblast cellsexclusively in the region of the plasma membrane directly in contact with the particle to be phagocytosed-may represent a mechanism that facilitates the rapid removal of maternal cells interposed into the trophoblast invasion pathway. In terms of its half-life, the diffusion distance of superoxide is ;0.4 lm, which certainly allows local action when secreted into the extracellular environment [14] . Furthermore, considering that NADPH oxidase is a major source of superoxide during phagocytosis and that phagocytosis plays a vital role in nonspecific host defense by removing microorganisms, it might also participate in defense mechanisms at the maternalfetal interface. Although the mechanisms involved in superoxide anion-dependent microbicidal activity are controversial, a function in the defense of the maternal-fetal interface cannot be excluded [39, 40] .
ROS produced by NADPH oxidases may also have multiple effects ranging from growth mechanisms to cell death, working as a signaling molecule [41, 42] . The baseline NADPH-dependent activities and expression in trophoblast cells in the absence of PMA stimulation suggest ROS can perform such functions in this cell population. For example, H 2 O 2 may upregulate endothelial nitric oxide synthase gene expression in endothelial cells and endothelial cell function [43, 45] , triggering signaling pathways involved in angiogenesis, endothelial barrier dysfunction, endothelial apoptosis, and vascular remodeling [45] , which are biological events occurring during implantation and placentation [46] . In fact, considering the strategic localization of trophoblast giant cells in direct interaction with the vascular maternal compartment, ROS produced by the trophoblastic membrane-bound NADPH oxidase could easily reach adjacent endothelial cells and modulate their metabolism.
Recently, cytochrome subunit CYBB homolog of phagocyte NADPH oxidase has been cloned and characterized (NOX1, NOX3, NOX4, NOX5, DUOX1, and DUOX2). Together with the phagocyte NADPH oxidase (NOX2), they constitute the NOX family of NADPH oxidases. Tissue distribution and roles played by the various members of the family are markedly different. All NOX family members have certain conserved structural features and are associated with electron transport across membranes to yield superoxide. In our study, sequence database searches confirmed a high homology at the nucleic acid level in trophoblast cells to reported DNA sequences for neutrophil NADPH oxidase subunits. This high DNA homology suggests that this enzymatic system has not appreciably diverged from those of neutrophils and may be further evidence of a common functionality.
In conclusion, the major finding is the demonstration that implanting trophoblast cells express the main subunits of the NADPH oxidase, which is essential for its activation and ROS generation. Regardless of the precise mechanism, this provides novel evidence that trophoblast cells, like other phagocytic cells, can potentially respond to activation by producing ROS via NADPH oxidase. These findings extend previous work and raise the possibility that the expression of the NADPH oxidase complex may thereby contribute to trophoblast physiology during implantation and placentation, as well as to the innate immune system at the maternal-fetal interface. 
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